Replication-deficient viruses provide an attractive alternative to conventional approaches used in the induction of antiviral immunity. We have quantitatively evaluated both the primary and memory cytotoxic T-lymphocyte (CTL) responses elicited by immunization with a replication-deficient mutant of herpes simplex virus type 1 (HSV-1). In addition, we have examined the potential role of these CTL in protection against HSV infection. Using bulk culture analysis and limiting-dilution analysis, we have shown that a replication-deficient virus, d301, generates a strong primary CTL response that is comparable to the response induced by the wild type-strain, KOS1.1. Furthermore, the CTL induced by d301 immunization recognized the immunodominant, H-2K b -restricted, CTL recognition epitope gB498-505 to a level similar to that for CTL from KOS1.1-immunized mice. The memory CTL response evoked by d301 was strong and persistent, even though the frequencies of CTL were slightly lower than the frequencies of CTL induced by KOS1.1. Adoptive transfer studies indicated that both the CD8 ؉ and the CD4 ؉ T-cell responses generated by immunization with d301 and KOS1.1 were able to limit the extent of a cutaneous HSV infection to comparable levels. Overall, these results indicate that viral replication is not necessary to elicit a potent and durable HSV-specific immune response and suggest that replication-deficient viruses may be effective in eliciting protection against viral pathogens.
Infection with herpes simplex virus (HSV) initiates at a peripheral site and is followed by the establishment of a latent infection in the local, sensory ganglia. HSV elicits both cellular and humoral immune responses that are important for the resolution of infection (56, 66) . To prevent the progression of an HSV infection, an effective immune response must limit both the primary infection and the subsequent establishment of latency. A variety of methods (12) have been utilized to evoke HSV-specific immune responses and protection in vivo, including the use of attenuated HSV (49, 52) and the expression of HSV proteins by recombinant vaccinia viruses (4, 14, 20, 44, 47, 48, 50) , adenoviruses (21, 49) , and baculoviruses (24) (25) (26) 39) . Furthermore, immunization with cell lines expressing HSV-encoded proteins or cytotoxic T-lymphocyte (CTL) recognition epitopes (3, 5, 7, 67) , as well as direct immunization with either purified HSV-encoded proteins (13) or synthetic peptides (10, 28) , has been shown to elicit HSVspecific immune responses. More recently, immunization with DNA vectors encoding HSV proteins has shown promise as a potential delivery system to induce anti-HSV immunity (23, 46) . Together, these studies illustrate the effectiveness of multiple approaches in eliciting an HSV-specific immune response.
An alternative approach for the induction of anti-HSV immunity is to use replication-defective viruses. Replication-defective viruses are appealing as immunogens because they offer, in many cases, substantial gene expression characteristic of wild-type virus yet lack the production of infectious virus. Previous studies have shown that immunization with either of two replication-defective mutants of HSV, an ICP8 deletion mutant (d301) (54, 55, 60) or a gH deletion mutant (SC16⌬gH) (18, 51) , was effective in eliciting immune responses and in protecting against challenge with HSV. The d301 virus contains a large deletion in the gene encoding ICP8, the HSV major DNA binding protein, which results in the inability of this virus to replicate its DNA. During the course of infection with d301, the pattern of gene expression is characterized by the expression of the ␣, ␤, and ␥1 genes but not ␥2 genes (22) . Whereas infection with SC16⌬gH results in the production of wild-type levels of noninfectious progeny virus (19) , d301 is unable to produce any progeny virus. Despite this property of d301, the magnitude of the T-cell response evoked by immunization with d301, as measured by antigen-specific in vitro proliferation, is similar to that of wild-type HSV (54) . In addition, mice immunized with d301 have been shown to be protected against a lethal challenge with wild-type HSV and protected against the development of keratitis and encephalitis following ocular infection (54, 55, 60) .
To precisely quantitate and compare the efficiencies of d301 and a wild-type HSV-1 strain, KOS1.1, to induce T-cell immunity to HSV, we have used limiting-dilution analysis (LDA) to determine the frequencies of both primary and memory CD8 ϩ CTL specific for an immunodominant, H-2K b -restricted CTL recognition epitope in HSV-1 glycoprotein B (gB498-505) (10, 28) . The gB498-505 epitope sequence is identical to the sequence in HSV type 2 (HSV-2), and CTL induced by gB498-505 cross-react with HSV-2-infected cells (10) . Furthermore, the gB498-505 epitope, cloned into T antigen of simian virus 40 (SV40), is processed from T antigen and presented in the context of H-2K b on the surface of a cell expressing the recombinant protein (7) . Therefore, the gB498-505 epitope provides a well-defined target for the comparison of d301-and KOS1. ϩ responses in vivo. To extend this comparison and to identify the cellular components of the d301 immune response involved in the protection of a host against an HSV infection, we performed adoptive transfer studies. The persistence of the memory CTL (CTLm) response elicited by immunization with d301 was also evaluated. The results of our studies suggest that immunization with a replication-deficient mutant is as effective as immunization with wild-type HSV in inducing an HSV-specific CTL response and indicate that both CD8 ϩ and CD4 ϩ T lymphocytes from mice immunized with d301 are effective in conferring protection against primary, local HSV infection.
Enrichment of T cells and T-cell subsets by using affinity chromatography columns. Cellect immunocolumns (Biotex Laboratories, Inc., Edmonton, Alberta, Canada) were used to enrich for populations of T cells and T-cell subsets within the lymph nodes of HSV-immunized mice. To enrich for T cells, singlecell suspensions of lymph node-derived cells were passed through a glass bead immunocolumn to which was bound both polyclonal goat anti-mouse immunoglobulin G (IgG) and polyclonal goat anti-rat IgG. To obtain an enriched population of T cells, the column was washed with phosphate-buffered saline (PBS) supplemented with 2% FBS; both B cells and macrophages were specifically retained in the column. To specifically enrich CD8 ϩ T cells, a single-cell suspension of lymph node cells was first incubated with the rat anti-mouse L3T4 (CD4; clone YTS 191.1) antibody, and following the incubation, the cells were passed through the immunocolumn to which was bound both polyclonal goat anti-mouse IgG and polyclonal goat anti-rat IgG. Following a wash with 2% FBS, an enriched population of CD8 ϩ T cells was eluted. The enrichment of CD4 ϩ cells was accomplished by incubating the lymph node cells with rat anti-mouse Ly2 (CD8a; clone YTS 169.4) antibody. The CD4 ϩ cells were recovered by the protocol used for the CD8 ϩ cells. Adoptive transfer model in sublethally irradiated recipient mice. For adoptive transfer experiments, C57BL/6 mice were subjected to sublethal, whole-body irradiation (600 rads) and were subsequently challenged with 2 ϫ 10 6 PFU (in a volume of 4 l) of HSV-1 KOS1.1 in both rear footpads, using the multiple piercing method as described previously (8) . Three days postinfection, lymphocytes were adoptively transferred intravenously (i.v.) into these HSV-infected mice. The lymphocytes were derived from the popliteal or a combination of popliteal and inguinal lymph nodes obtained from HSV-immunized, syngeneic mice as described above. In some experiments, enriched populations of CD4 ϩ and CD8
ϩ lymphocytes were prepared as described above. Cells (2 ϫ 10 7 unfractionated, 7.5 ϫ 10 6 T-cell enriched, 4 ϫ 10 6 CD8 and CD4 enriched) were transferred in Hanks' balanced salt solution in a volume of 0.2 ml. Four days following the adoptive transfer, the rear footpads were removed and frozen at Ϫ80ЊC in 1 ml of supplemented medium 199 until time of virus titration (73) .
Quantitation of infectious HSV-1 levels in footpads of HSV-1-challenged mice. Footpads from C57BL/6 mice infected with HSV-1 KOS1.1 were thawed at 37ЊC and then homogenized in a 1-ml Tenbroeck glass tissue homogenizer (Wheaton Industries, Millville, N.J.). Homogenized samples were centrifuged at 1,000 ϫ g for 5 min, and 10-fold serial dilutions were prepared in PBS supplemented with 1% FBS and titrated on Vero cells grown in 60-mm-diameter tissue culture plates. Virus was absorbed onto these cells for 1 h followed by the addition of 4 ml of methylcellulose overlay medium (15) supplemented with 3.5 g amphotericin B (Fungizone; E. R. Squibb & Sons, Inc., Princeton, N.J.) per ml. After 4 or 5 days of incubation at 37ЊC and 5% CO 2 , the overlay medium was removed, and the plates were fixed with 5% formaldehyde and stained with 0.5% crystal violet for visualization of plaques. The lower limit of detection for infectious virus was 10 PFU/footpad.
Assay for cell-mediated cytotoxicity. The 51 Cr release assay for quantitation of HSV-specific CTL was based on previously published methods (15) and has been described in detail elsewhere (6) . Briefly, HSV-infected target cells were prepared by allowing HSV-1 to adsorb to the cells at a multiplicity of infection of 10 for 1 h in PBS-1% FBS followed by an incubation of 3 to 12 h, during which time the cells were labeled with 51 Cr. Following the incubation, cells were harvested and washed three times with supplemented DMEM. To prepare peptide-pulsed target cells, uninfected cells were resuspended at a concentration of no greater than 10 6 /ml. These cells were then incubated with 1 M synthetic peptide for 30 min at 37ЊC and 5% CO 2 and then washed twice with supplemented DMEM to remove excess peptide. Target cells (10 4 ) were added in a volume of 100 l to triplicate wells in 96-well, V-bottom microtiter tissue culture plates (Costar, Cambridge, Mass.). Lymph node cells were then added in a volume of 100 l to achieve graded effector-to-target ratios as indicated in the figures. The plates were centrifuged at 100 ϫ g for 3 min and incubated at 37ЊC and 5% CO 2 for 4 to 5 h. After the incubation, the plates were centrifuged at 200 ϫ g for 3 min, and 100 l of the supernatant was removed from each well. The amount of radioactivity released in the supernatants was quantitated in a gamma counter. Percent specific lysis was calculated as [(E Ϫ S)/(M Ϫ S)] ϫ 100, where E equals the counts per minute released from targets incubated with lymphocytes, S equals the counts per minutes released from target cells incubated with no lymphocytes, and M equals the counts per minute released from cells following lysis with 5% sodium dodecyl sulfate.
Determination of HSV-specific CTL frequencies by LDA. The procedure for LDA has been described previously (33) . Briefly, draining lymph nodes or spleens from HSV-1-immunized mice were collected, and single-cell suspensions were prepared. Graded numbers of lymphocytes were cultured in 96-well, Ubottom microtiter tissue culture plates (Costar) in replicates of 18 in a volume of 200 l of supplemented IMDM. To each well were also added 10 5 gammairradiated (200 rads) splenocytes from naive C57BL/6 mice, 0.2 U of human recombinant interleukin-2 (Amgen, Thousand Oaks, Calif.), 10 l of Rat T-Stim culture supplement, and 0.1 M ␣-methyl-D-mannoside. To activate HSV-specific CTLm, 2 ϫ 10 3 HSV-1-infected syngeneic fibroblasts (B6/WT-3 cells) were added to each well. The plates were then incubated for 7 days at 37ЊC and 5% CO 2 . Following the incubation, cells from individual wells were assayed for lytic activity against HSV-1-infected, gB498-505 peptide-pulsed, and mock-infected target cells as described above. A well was considered to contain at least one CTL FACS buffer) , and incubated at 4ЊC for 1 h. The monoclonal antibodies used included PEconjugated hamster anti-mouse T-cell receptor ␣/␤ (TCR) (PharMingen 01305), PE-conjugated rat anti-mouse CD2 (PharMingen 01175), PE-conjugated rat anti-mouse L3T4 (CD4) (PharMingen 01075), and FITC-conjugated rat antimouse Ly-2 (CD8a) (PharMingen 01044). Following the incubation period, the cells were washed free of excess antibody and resuspended in 1 volume of FACS buffer and 2 vol of 2% (wt/vol) paraformaldehyde. Cells were analyzed on an EPICS V flow cytometer (Coulter Electronics, Inc., Hialeah, Fla.), using singlecolor analysis at an excitation wavelength of 488 nm. The percentages of each lymphocyte subset were based on events that were visualized on the extent of their forward angle light scatter and 90Њ light scatter. To determine these percentages, events exhibiting a typical 90Њ versus forward angle light scatter pattern of lymphocytes as well as those cells having a light scatter typical of cells in an activated or blast-like state were selected for analysis.
Western blot analysis. Western blot analysis was used to detect the expression of HSV-1 gB during infection with either KOS1.1 or d301. B6/WT-3 cells were infected with either strain of HSV-1 or were mock infected. At various times after infection, cells were lysed and then immunoprecipitated with a mouse monoclonal anti-HSV-1 gB antibody, I-144-2B (36), as previously described (38) . Prior to immunoprecipitation, samples were normalized for protein concentration (300 g) by using the Bradford assay (Bio-Rad, Hercules, Calif.). The immunoprecipitated samples were subjected to electrophoresis on a sodium dodecyl sulfate-7.5% acrylamide gel. Proteins were transferred to nitrocellulose and blotted under conditions described previously (38) . The primary antibody used for immunodetection was a 1:3,000 dilution of a rabbit polyclonal antibody (1161) specific to HSV-1 gB, kindly provided by Richard Courtney; a goat anti-rabbit antibody was used as the secondary antibody. An ECL kit (Amersham, Arlington Heights, Ill.) was used for protein detection as described previously (38) .
Statistical analysis. The Mann-Whitney test was used to compare the levels of protection afforded by adoptive transfer of lymphocytes. All analyses were done using the InStat program (GraphPad Software, Inc., San Diego, Calif.).
RESULTS
Analysis of gB expression in cells infected with d301 or KOS1.1. To use the gB498-505 CTL recognition epitope as a standard for comparing the CTL responses induced in mice immunized with either d301 or KOS1.1, it was necessary to examine the kinetics and levels of gB expression during infection of B6/WT-3 cells with these viruses. B6/WT-3 cells were infected with either d301 or KOS1.1 for 2, 4, 6, and 10 h, and cell lysates were then subjected to Western blot analysis as described in Materials and Methods. At each of the time points tested, d301-infected cells expressed a significant level of gB that was similar to that observed in KOS1.1-infected cells (Fig.  1A) . To examine the efficiency with which the gB498-505 epitope is processed and presented in the context of H-2K b during infection, the gB498-505-specific CTL clone, 2D5, was used in a standard 51 Cr release assay. The 2D5 clone was shown to recognize and lyse d301-infected B6/WT-3 cells to the same extent as KOS1.1-infected cells, while the recognition of mock-infected B6/WT-3 cells was at background levels ( Fig.  1B) . Together, these results indicate that cells infected with d301 are able to express gB and present the gB498-505 epitope in the context of class I major histocompatibility complex.
Comparison of the local, primary CTL response induced by immunization with d301 and KOS1.1. C57BL/6 mice were immunized with 10 6 PFU of either HSV-1 KOS1.1 or d301. Five days later, the popliteal lymph nodes were removed and bulk cultures were established. The lytic activity of the cells from these cultures was determined as described in Materials and Methods. Lymphocytes obtained from KOS1.1 ( Fig. 2A )-and d301 (Fig. 2B )-immunized mice exhibited similar levels of lytic activity against both KOS1.1-and d301-infected target cells. These findings demonstrate that although d301 expresses a somewhat limited array of viral genes during infection, there is expression of at least one CTL recognition epitope that is able to induce an HSV-specific CTL response. We suspected that the gB498-505 epitope contributed to the induction of the overall CTL response because the lymph node cells from both of these groups of mice also lysed target cells pulsed with the synthetic peptide, gB498-505, to a significant extent. Together, these results indicate that although d301 does not replicate in the footpads of mice (55), it is sufficient to drive the induction of a CTL response that is similar to the CTL response elicited by immunization with the replication-competent virus, KOS1.1.
These results demonstrate that immunization with d301 generates a CTL response; however, these experiments did not examine the components of the local immune response following footpad immunization with HSV. To further characterize the immune response elicited by immunization with KOS1.1 and d301, we determined the percentages of the cell types within the draining lymph nodes of these mice by fluorescent flow cytometry. The percentages of CD8 ϩ and TCR ϩ lymphocytes in mice immunized with d301 were statistically greater than in those mice immunized with KOS1.1 (data not shown). In contrast, the percentage of CD4 ϩ T lymphocytes within the lymph nodes of mice immunized with d301 was greater than in mice immunized with KOS1.1, although these differences were not statistically significant (data not shown). The percentages of CD2 ϩ cells were similar in both d301-and KOS1.1-immunized mice (data not shown).
LDA of the primary CTL response in mice immunized with HSV-1 KOS1.1 and d301. The foregoing results demonstrated
Comparison of gB expression during infection with d301 and KOS1.1. Western blot analysis was used to determine the kinetics of gB expression in d301-infected B6/WT-3 cells (A). Cells were infected with either d301 or KOS1.1 for 2, 4, 6, and 10 h. Cell lysates were immunoprecipitated with an anti-gB monoclonal antibody (I-144-2B) and subjected to Western blot analysis using a polyclonal antibody specific for gB (1161) as described in Materials and Methods. To quantitate the level of gB expressed during infection with d301, the CTL clone 2D5 was used to confirm the expression of the CTL recognition epitope, gB498-505, presented on the cell surface (B). The susceptibility of target cells to lysis by 2D5 was determined in a standard 51 Cr release assay.
that d301 can induce a CTL response comparable to that induced by immunization with KOS1.1 as measured by the level of lytic activity generated under bulk culture conditions. To quantitate this response, we determined, by LDA, the frequency of HSV-specific CTL in mice that were immunized with 10 6 PFU of either d301 or KOS1.1. Five days after infection, lymph node cells from these mice were cultured under limiting-dilution culture conditions as described in Materials and Methods. Cells from each of these wells were tested for lytic activity against B6/WT-3 cells that were either KOS1.1 infected, gB498-505 peptide pulsed, or mock infected. As shown in Table 1 , immunization with d301 induces a CTL response comparable to that in mice immunized with KOS1.1, as determined by lysis of KOS1.1-infected target cells. Likewise, CTL specific for the gB498-505 epitope were generated comparably in mice immunized with either of these viruses. Despite the lack of d301 replication, the degree of CTLp activation and subsequent lymphoproliferation in vivo were comparable in the two groups of mice, as indicated by the number of HSVspecific CTL recovered from the lymph nodes. It should be noted that the frequencies of CTLp specific for gB498-505 are higher than the frequencies of CTLp specific for KOS1.1-infected cells. This difference in frequencies may be attributed to the down regulation of H-2K b expression on surface of B6/WT-3 cells infected with KOS1.1 (34) . This lower level of peptide-major histocompatibility complex complexes may not be optimal for recognition by CTL, while cells pulsed with gB498-505 maintain levels of class I expression that allow enhanced recognition. The results indicate that immunization with d301 is effective in inducing a potent CTL response in the absence of virus replication and that this response is quantitatively comparable to that induced by immunization with KOS1.1.
To further quantitate the efficacy of CTL generation, we immunized mice with 10 6 , 10 5 , or 10 4 PFU of either d301 or KOS1.1. Limiting-dilution culture conditions were established, and lytic activity was determined against gB498-505 peptidepulsed target cells. As shown in Table 2 , immunization with all three doses of KOS1.1 elicited a strong anti-gB498-505-specific CTL response. At immunizing doses of 10 6 and 10 5 PFU of d301, the CTLp frequency was similar to that of KOS1.1. However, immunization with the lowest dose of d301, while capable of inducing a significant CTL response, was somewhat lower in magnitude than that elicited by KOS1.1. Also, as indicated by the yield of total CTL, the lymph nodes from mice receiving the lowest dose of d301 were significantly smaller than in mice immunized with the same dose of KOS1.1. Together, these results suggest that the HSV-specific CTL response to d301 is quantitatively comparable to the response for KOS1.1, except at the immunizing dose of 10 4 PFU. Immunization with this dose of d301 may not attain the minimal threshold of antigenic stimulation necessary for the induction of CTL. In contrast, the replication potential of KOS1.1 may increase the degree of viral antigenic load to a level that is sufficient to fulfill this minimal requirement.
Evaluation of the protective capacity of lymph node cells obtained from mice immunized with HSV-1 d301 and KOS1.1. To assess the ability of lymph node cells from both d301-and KOS1.1-immunized mice to limit the extent of HSV replication in vivo, we performed adoptive transfer studies. Mice were immunized with 10 6 PFU of either HSV-1 KOS1.1 or d301. Five days later, unselected lymphocytes obtained from the pop -FIG. 2 . HSV-specific CTL response induced by immunization with KOS1.1 and d301. C57BL/6 mice were immunized with 10 6 PFU of either KOS1.1 (A) or d301 (B) in both rear footpads via an intraplantar route. After 5 days, the draining popliteal lymph nodes were removed and single-cell suspensions were prepared. Lymph node cells were cultured in vitro for 3 days and then tested for lytic activity in a standard 51 Cr release assay. a Popliteal lymph nodes were removed from C57BL/6 mice 5 days after footpad immunization with HSV-1 KOS1.1 or d301. b B6/WT-3 cells were either infected with KOS1.1, pulsed with the synthetic peptide gB498-505, or mock infected. The target cells were labeled with 51 Cr, and lytic activity was determined by a standard 51 Cr release assay. c Calculated by using the following formula: (CTLp frequency) ϫ (viable cell yield/lymph node).
liteal lymph nodes of these mice were transferred i.v. into syngeneic C57BL/6 mice that 3 days earlier had been sublethally irradiated (600 rads) and subsequently challenged with KOS1.1 in each hind footpad by the multiple piercing method. After 4 days, the level of infectious HSV was determined in each of the footpads. The results presented in Fig. 3 show that the transfer of total lymph node cells from mice immunized with either d301 or KOS1.1 was able to reduce the level of detectable virus within infected tissue greater than 100-fold from the virus level in control animals (P Ͻ 0.001 and P Ͻ 0.001, respectively). The extents of protection afforded by the d301-and KOS1.1-derived lymphocytes were statistically equivalent (P Ͼ 0.05). In contrast, lymph node cells from SV40-immunized mice provided no significant reduction in viral titers (P Ͼ 0.05). Together, these results indicate that immunization with d301 elicits an immune response that is as effective as immunization with KOS1.1 in controlling the extent of HSV replication at a cutaneous site of infection.
To determine the lymphocyte subsets involved in controlling virus replication, we enriched lymph node cells for TCR
ϩ populations, which were subsequently transferred into HSV-challenged mice as outlined above. Lymph node cells obtained from d301-or KOS1.1-immunized mice were fractionated by affinity chromatography as described in Materials and Methods. The transfer of enriched T cells (Fig.  4 ) from mice immunized with either d301 or KOS1.1 resulted in at least a 100-fold decrease in the level of virus compared to the control (P Ͻ 0.001 and P Ͻ 0.001, respectively). The extents of reduction in virus titers mediated by the transfer of T cells induced by KOS1.1 and by d301 were statistically equivalent (P Ͼ 0.05). The transfer of enriched CD8 ϩ T cells (Fig.  5A ) from mice immunized with either d301 or KOS1.1 reduced   FIG. 3 . Protection afforded by the adoptive transfer of lymph node cells from C57BL/6 mice immunized with HSV-1 KOS1.1 or d301. C57BL/6 mice were immunized in each of the rear footpads with 10 6 PFU of d301 or KOS1.1. Five days later, the draining popliteal lymph nodes were recovered, and single-cell suspensions were prepared. Lymph node cells (2 ϫ 10 7 cells/mouse) were transferred i.v. into syngeneic mice (n ϭ 4) that had been sublethally irradiated (600 rads) and subsequently challenged with KOS1.1 (2 ϫ 10 6 PFU) by the multiple piercing method as described in Materials and Methods. Four days following the transfer, the footpads were removed, and the HSV levels were determined by plaque assay. As a negative control, popliteal lymph node cells from C57BL/6 mice immunized with 3 ϫ 10 6 PFU of SV40 were transferred into recipient mice as described above. The geometric mean for each group is represented by the solid horizontal line. Statistical analysis was performed by the nonparametric Mann-Whitney test. a Popliteal lymph nodes were removed from C57BL/6 mice 5 days after footpad immunization with HSV-1 KOS1.1 or d301. b B6/WT-3 cells were either pulsed with the synthetic peptide gB498-505 or mock infected. The target cells were labeled with 51 Cr, and lytic activity was determined by a standard 51 Cr release assay. c Calculated by using the following formula: (CTLp frequency) ϫ (viable cell yield/lymph node).
the amount of infectious virus greater than 10-fold (P ϭ 0.0012 and P ϭ 0.0012, respectively), and the levels of reduction were statistically equivalent (P Ͼ 0.05). Likewise, the transfer of enriched CD4 ϩ T cells (Fig. 5B ) from mice immunized with either virus decreased viral titers greater than 100-fold (P Ͻ 0.001 and P Ͻ 0.001, respectively), and as above, the levels of protection were equivalent (P Ͼ 0.05). As in Fig. 3 , the transfer of the unfractionated lymph node cells from KOS1.1-immunized mice (HSV-immune cells) resulted in a greater than 100-fold reduction in viral titers compared to the control animals in both experiments (P ϭ 0.0043 and P ϭ 0.0027, respectively). These results support a role for both CD4 ϩ and CD8 ϩ T lymphocytes in conferring protection against a cutaneous HSV infection and indicate that immunization with a replication-deficient virus is able to elicit HSV-specific T lymphocytes that are effective in conferring protection. Evaluation of the magnitude and duration of the CTLm response elicited by immunization with HSV-1 d301 and KOS1.1. An important consideration in assessing the ability of a vector to induce a virus-specific immune response is the strength of the memory response that is elicited and maintained as a consequence of immunization (17) . Previous studies have indicated that immunization with d301 confers longterm protection against challenge with wild-type HSV (55) . However, the magnitude and persistence of the CTLm response to immunization with d301 have not been determined.
Because CTL are an important component of the memory immune response to HSV infection (69), the HSV-specific CTLm response induced by immunization with d301 was evaluated. Mice were immunized intraperitoneally with 10 7 PFU of either d301 or KOS1.1, and spleens were recovered 1 month postimmunization. Splenic lymphocytes were cultured in vitro with HSV-infected syngeneic target cells as described in Materials and Methods. Cells from these cultures were tested for the ability to lyse target cells infected with either KOS1.1 (Fig.  6A) or d301 (Fig. 6B) or pulsed with the synthetic peptide, gB498-505 (Fig. 6C) . The levels of lytic activity against HSV-1-infected and gB498-505 peptide-pulsed target cells were sim- 7 PFU of KOS1.1 or d301 intraperitoneally. After 4 weeks, the spleens were removed and single-cell suspensions were prepared. Splenocytes were cultured in vitro for 5 days in the presence of HSV-infected, mitomycin-treated B6/WT-3 cells. Cells from these cultures were assayed for lytic activity in a standard 51 Cr release assay.
ilar for both groups of mice. The recognition of mock-infected targets by HSV-specific CTL was at background levels ( Fig.  6D ). In addition, mice immunized with PBS showed no HSVspecific cytotoxic activity (data not shown). These results indicate that d301 can induce a CTLm response comparable to that induced by KOS1.1 as measured by bulk culture analysis. LDA was used to quantitatively examine the CTLm response induced by d301. Splenocytes from mice immunized with either KOS1.1 or d301 1 month earlier were cultured under limiting-dilution culture conditions. Lytic activity was determined against B6/WT-3 cells that were either KOS1.1 infected, gB498-505 peptide pulsed, or mock infected. While immunization with d301 was capable of inducing high frequencies of CTL specific for HSV and gB498-505 (relative to frequencies against mock-infected target cells), they were threeto fourfold lower than in mice immunized with KOS1.1 ( Table  3) . The results from the bulk culture analysis (Fig. 6) had indicated that the population of CTLm induced by immunization with d301 and activated in vitro are as effective in lysing targets as are CTLm from KOS1.1-immunized mice. However, the results from the LDA suggest that the generation of HSVspecific CTLm in d301-immunized mice, although substantial, is less efficient than in those mice immunized with KOS1.1.
Although the foregoing results suggested that immunization with a replication-deficient virus is able to efficiently generate HSV-specific CTLm, the persistence of such a response over an extended period of time was unknown. To investigate this issue, mice were immunized as described above, and spleens recovered at 1, 9, and 22 months following immunization with either d301 or KOS1.1 were used to establish bulk cultures. Cultured splenocytes were examined for cytotoxicity against B6/K-1,4,5 cells that were infected with KOS1.1, peptide pulsed with gB498-505, or mock infected. The results show that both the HSV-specific and gB498-505-specific CTLm responses in KOS1.1-immunized mice were detectable for at least 22 months postimmunization and were comparable to the CTLm response induced by d301 (data not shown).
To further quantitate the durability of the CTLm response, LDA was used to determine the frequency of gB498-505-specific CTLm persisting at the time points noted above. As in Table 3 , the frequency of CTLm induced by d301, while substantial (compared to the lysis of mock-infected target cells), is lower than is seen for immunization with KOS1.1 (Table 4) . However, immunization with d301 induces frequencies of gB498-505 CTLm that are similar for each time point, indicating that the number of these CTLm in d301-immunized mice is maintained over time. Together, these results indicate that the CTLm response following d301 immunization is potent and long-lived, although the overall magnitude of the CTL a Spleens were removed from C57BL/6 mice 1 month following intraperitoneal immunization with HSV-1 KOS1.1 or d301. Splenocytes were cultured with KOS1.1-infected B6/WT-3 stimulator cells.
b B6/WT-3 cells were either infected with KOS1.1, pulsed with the synthetic peptide gB498-505, or mock infected. The target cells were labeled with 51 Cr, and lytic activity was determined by a standard 51 Cr release assay. c Calculated by using the following formula: (CTLm frequency) ϫ (viable cell yield/lymph node). d ND, not determined. a Spleens were removed from C57BL/6 mice 1 month, 9 months, or 22 months following intraperitoneal immunization with HSV-1 KOS1.1 or d301. Splenocytes were cultured with KOS1.1-infected B6/WT-3 stimulator cells.
b B6/K-1,4,5 cells were either pulsed with the synthetic peptide gB498-505 or mock infected. The target cells were labeled with 51 Cr, and lytic activity was determined by a standard 51 Cr release assay. c Calculated by using the following formula: (CTLm frequency) ϫ (viable cell yield/lymph node). d ND, not determined. response is somewhat lower than that induced by immunization with KOS1.1.
DISCUSSION
The results of the studies presented here illustrate that an anti-HSV CTL response can be elicited by immunization with a replication-defective mutant of HSV-1, d301. The results demonstrate that immunization with d301 is effective for the induction of both primary and memory CTL responses and that these responses are comparable in magnitude to those resulting from immunization with wild-type HSV (KOS1.1). Furthermore, the response induced by d301 limits viral replication in vivo, and both CD4 ϩ and CD8 ϩ T cells contribute to this protection. These findings imply that the generation of an effective CTL response is not dependent on production of progeny virus and that the limited expression of HSV genes during the truncated infection cycle of d301 is sufficient for the induction of CTL in vivo.
Immunization with HSV-1 has been demonstrated to induce both a primary (62, 63) and memory (43) CTL response. The predicted importance of the CTL response in limiting an HSV infection has led to an interest in the development of safe vaccine vectors that elicit CTL. To date, a variety immunogenic vectors have been shown to elicit HSV-specific CTL responses in murine models. For example, cell lines expressing either entire HSV glycoproteins (3, 5) or HSV-specific CTL recognition epitopes (7) have been shown to induce CTL activity. Recombinant viruses have also been shown to function as efficient vectors in generating CTL responses. As with the cell lines noted above, both intact HSV proteins and CTL recognition epitopes have been expressed in the context of recombinant vaccinia virus (2, 20, 50) , adenovirus (21, 28) , and baculovirus (25) . Last, immunization with an HSV glycoprotein emulsified in a cationic lipid (78) and synthetic peptides representing CTL recognition epitopes (2, 10, 28) was shown to induce HSV-specific CTL. Live viruses are very effective in inducing significant CTL responses; however, the virulence associated with live virus immunization has raised concern about the safety of such approaches (80) . An alternative to immunization with live viruses is the use of replication-defective mutants of HSV, such as the d301 virus, to evoke CTL responses.
A number of approaches have been used to induce effective immune responses. Early studies indicated that inactivated virus and extract from HSV-infected cells may be effective as therapeutic agents (12) . The use of attenuated viruses, such as the R7020 virus (52), as vaccines has also shown promise. Recent clinical trials have evaluated the use of recombinant HSV glycoproteins as vaccines. Immunization with a vaccine containing recombinant gD from HSV-2 has been shown to induce immunity in recipients and to lessen the severity of HSV reactivation in seropositive patients (74) . Initial phase I and II trials for the evaluation of a vaccine containing both gB and gD from HSV-2 demonstrated that immunization with this vaccine is effective in inducing both humoral and cellular immune responses (40) .
The attraction of immunization with replication-deficient viruses, such as d301, is illustrated by the ability of these viruses to express a defined array of viral proteins, some of which may be immunogenic, during infection and by their inherent, limited pathogenic potential. Infection with d301 is characterized by a distinct pattern of viral gene expression. During the course of the abortive infection, ␣, ␤, and ␥1 genes are expressed, but ␥2 genes are not (22) . Because d301 does not replicate, the input virus alone must express levels of immunogenic HSV proteins sufficient to evoke a CTL response. The level of gB expression, a ␥1 gene product, during a d301 infection is of importance for these studies because this glycoprotein contains an immunodominant, H-2K b -restricted CTL recognition epitope spanning residues 498 to 505 (10, 21, 28) . Immunization with gB498-505, either as a synthetic peptide (10) or expressed within a recombinant vector (7, 20) , results in the induction of an epitope-specific CTL response which is able to recognize and lyse HSV-infected cells. We confirmed that during a d301 infection, gB498-505 is efficiently expressed, processed, and presented in the context of H-2K b by demonstrating that cells infected with d301 are recognized by a gB498-505-specific CTL clone to the same extent as cells infected with KOS1.1 (Fig. 1B) . Utilizing Western blot analysis, we showed that during a d301 infection, the kinetics and levels of gB expression are similar to that seen following infection with KOS1.1 (Fig. 1A) . Taken together, these results verify that d301 expresses a significant quantity of gB during infection and support our finding that d301 immunization elicits a strong CTL response specific for gB498-505 ( Fig. 2 and Table 1 ).
The evaluation of the immunogenicity of a replication-deficient virus, such d301, is of significant interest for the study of a virus-induced immune response. The ability of d301 virus to elicit an immune response has been addressed previously. In these studies, using a BALB/c model system, immunization with d301 had been shown to elicit the generation of HSVspecific antibody as well as to evoke a population of T cells that proliferate in vitro in response to HSV-specific stimulation (54, 55, 60) . Overall, these results indicated that d301 is effective in inducing an anti-HSV immune response. However, the CTL response resulting from immunization with d301 was not specifically evaluated. The CTL component of the immune response has been indicated to be important for the resolution of the HSV infection in both mice (72, 73) and humans (64) .
As in previous studies to determine the presence and magnitude of the HSV-specific CTL response, we used both bulk culture analysis (15, 62, 63) and LDA (27, 29, 35, 68) . The results presented in this study demonstrate that immunization of C57BL/6 mice with d301 induces a primary CTL response with frequencies of CTLp that are approximately twofold lower than the frequencies for KOS1.1 despite the fact that the replication potential of KOS1.1 is significantly greater than that of d301. More importantly, immunization with d301 was able to induce a gB498-505-specific CTL response that was similar to that induced by KOS1.1. Our in vitro studies indicate that during an infection with d301, gB is expressed to nearly wild-type levels, suggesting that in vivo, a substantial quantity of gB may be expressed in the cells initially infected with d301. However, from a previous study (55) , it is known that progeny HSV is not produced. Therefore, the antigenic load of gB resulting from infection with d301 is thought to be substantially less than that for KOS1.1. The ability of d301 to induce a strong CTL response specific for gB498-505 could be explained by the persistence of the virus in the infected tissue. Following footpad infection, d301 is detectable for 6 days in the tissue despite the lack of replication. From these studies, it had been suggested that this retention of virus results in a prolonged series of primary infection events leading to an effective induction of an immune response (55) . To explore this hypothesis, LDA was used to measure frequencies of gB498-505-specific CTLp in mice immunized with various doses of either d301 or KOS1.1. KOS1.1 is able to replicate, producing substantial amounts of infectious virus, and therefore exceeding, even at the lowest immunizing dose (10 4 PFU), the threshold level of virus necessary to generate a significant CTL response as shown in Table 2 . In contrast, immunization with d301 introduces a small and finite source of antigen, which at the two higher doses used (10 6 and 10 5 PFU) is able to attain this threshold. However, at the lowest dose of d301 (10 4 PFU), this threshold may not be achieved, thus resulting in a substantially lower CTL response.
Immunization with d301 readily evokes an HSV-specific immune response, and the protection against subsequent HSV challenge mediated by this immune response is of significant interest. Previous studies have shown that BALB/c mice immunized with d301 are protected against a lethal challenge with HSV (60) and do not develop keratitis following ocular infection (54, 55) . In these latter studies, immunization was also shown to reduce the establishment of latent infection within the trigeminal ganglia (54, 55) . The components of the immune response necessary to control an HSV infection has been an area of debate. Innate immunity, including natural killer cells, interferons ␣ and ␤, and macrophages, have all been implicated in controlling the initial spread of HSV (56, 81) . The humoral response against HSV has also been demonstrated to diminish the neurovirulence by the passive transfer of HSV-specific antiserum; however, this response appears to have no effect on the cutaneous phase of the infection (16, 37, 41, 53, 71) .
Significant interest has focused on the role of T cells in the protection against HSV infection. The T-cell response induced by HSV challenge is critical for the resolution of the infection, and both CD8 ϩ cells (8, 31, 41, 42, 53, 70, 72, 73) and CD4 ϩ cells (37, 44-46, 57-59, 73) have been shown to mediate anti-HSV effects. To evaluate the ability of the T-cell response generated in mice immunized with d301 to confer protection against HSV challenge, we used an adoptive transfer model. In this model, lymphocytes generated by immunization with d301 or KOS1.1 were transferred into C57BL/6 mice that had been immunosuppressed and infected with KOS1.1 (73) . The results of these experiments indicate that immunization with d301 induces both CD8 ϩ and CD4 ϩ T cells that are effective in reducing the replication of HSV to an extent equivalent to the reduction afforded by the CD8 ϩ and CD4 ϩ T cells from KOS1.1-immunized mice. Furthermore, in this model, the CD4 ϩ T cells from d301-infected mice were shown to be more effective in reducing the level of infectious HSV (10-fold-lower titers) than were CD8 ϩ T cells. The ability of both CD8 ϩ and CD4 ϩ T cells induced by immunization with HSV-1 to reduce viral titers is in agreement with the findings of previous transfer experiments in this model system (73) . The antiviral activities of the d301-induced CTL may be mediated by gamma interferon (IFN-␥), which has been previously demonstrated by studies in which in vivo depletion of IFN-␥ resulted in the inability of otherwise immunocompetent C57BL/6 mice to control a cutaneous HSV infection (73) . The importance of IFN-␥ was further indicated by the demonstration that IFN-␥ knockout mice were not effective in the limiting the replication of HSV following a corneal challenge (11) . The adoptive transfer studies described herein clearly indicate a role for both CD8 ϩ and CD4 ϩ populations in mediating protection conferred by immunization with d301. The ability of CD8 ϩ and CD4 ϩ cells inherent to HSV-immunized mice to migrate to the site of infection and be activated to a functional phenotype has yet to be determined.
An important aspect in the evaluation of a vector to elicit antiviral immunity is the efficiency of immunization to generate a potent and durable memory response that is activated quickly following challenge. The immune responses generated and the protection conferred by immunization with d301 was found to be present up to 7 months (55). It had also been shown that 4 weeks following ocular immunization with either d301 or KOS1.1, the frequency of proliferating T cells in BALB/c mice immunized with d301 was significantly lower than that seen for KOS1.1 (1). Our studies, using bulk culture analysis and LDA, show that d301 induces a CTLm response and that this response is maintained for at least 22 months. The level of cytotoxicity exhibited by these CTLm is similar to the level for KOS1.1-generated CTLm; however, the frequency of d301 induced CTLm is lower than in KOS1.1-immunized mice. The CTLm frequencies resulting from immunization with KOS1.1 are consistent with previous studies (61, 68) . The apparent discrepancy between the bulk culture data and the LDA data can be explained by the fact that lymphocyte numbers are normalized for bulk culture analysis but not for LDA. Normalization equalizes the number of lymphocytes between each experimental sample and allows a direct analysis of cytotoxicity. Our results suggest that while d301 is able to evoke a strong CTLm response, the overall magnitude of the response is lower than that induced by KOS1.1. A mechanism that may explain the induction of higher frequencies of CTLm by immunization with KOS1.1 is the capacity for wild-type HSV to establish a latent infection (79) and potentially provide a longlived source of antigen. Previous evidence has indicated that restimulation of CTLm with viral antigen, while not required to maintain CTLm, increases the clonal burst size of the memory response, thus facilitating the detection of the CTLm by LDA (30) . In contrast to wild-type HSV, latency is not readily established by d301 (55) , and thus infection with d301 may not provide a source of viral antigen after clearance.
We have demonstrated that a replication-deficient mutant of HSV is able to elicit both primary and memory CTL responses. In addition, the T-lymphocyte component of the primary immune response was shown to limit the extent of primary HSV infection. Although the overall magnitude of the primary and memory CTL responses induced by immunization with d301 was slightly lower than the response induced by wild-type HSV, the protection afforded by d301 immunization is as effective as that for KOS1.1 immunization. This finding may reflect the effectiveness of CD4 ϩ cells to provide a level of protection and suggests that the CD4 ϩ response may play a critical role in controlling a cutaneous HSV infection. Together, these studies support the potential importance of replication-deficient viruses as immunogens for mediating protection against HSV and other viral infections.
